In somatic cells, caveolin-1 plays several roles in membrane dynamics, including organization of detergent-insoluble lipid rafts, trafficking of cholesterol, and anchoring of signaling molecules. Events in sperm capacitation and fertilization require similar cellular functions, suggesting a possible role for caveolin-1 in spermatozoa. Immunoblot analysis demonstrated that caveolin-1 was indeed present in developing mouse male germ cells and both mouse and guinea pig spermatozoa. In mature spermatozoa, caveolin-1 was enriched in a Triton X-100-insoluble membrane fraction, as well as in membrane subdomains separable by means of their light buoyant densities through sucrose density gradient centrifugation. These data indicated the presence of membrane rafts enriched in caveolin-1 in spermatozoa. Indirect immunofluorescence analysis revealed caveolin-1 in the regions of the acrosome and flagellum in sperm of both species. Confocal immunofluorescence analysis of developing mouse male germ cells demonstrated partial co-localization with a marker for the acrosome. Furthermore, syntaxin-2, a protein involved in acrosomal exocytosis, was present in both raft and nonraft fractions in mature sperm. Together, these data indicated that sperm membranes possess distinct raft subdomains, and that caveolin-1 localized to regions appropriate for involvement with acrosomal biogenesis and exocytosis, as well as signaling pathways regulating such processes as capacitation and flagellar motility.
INTRODUCTION
Spermatozoa are highly compartmentalized cells, with specific functions localized in discrete regions. This polarization of structure and function poses important questions regarding the basic biology of these cells. At present, it is unknown how spermatozoa organize signaling/metabolic pathways to these different cellular compartments. For example, signaling pathways involved in recognition of the egg's zona pellucida and initiation of acrosomal exocytosis must be organized in the plasma and acrosomal membranes, whereas signaling and metabolic pathways involved in hyperactivation of motility must be organized in the flagellum. Once having organized these pathways precisely where they will be needed, it is unclear how spermatozoa then integrate signaling/metabolic events that take place in these different regions with the goal of coordinating the activities of the cell as a whole.
The importance of these issues becomes particularly noteworthy when studying the process of sperm capacitation. This functional maturation takes place in vivo within the female tract and renders the sperm competent to fertilize an egg. Capacitation involves changes in both the sperm head and flagellum, including the ability of the sperm to undergo acrosomal exocytosis and the acquisition of a hyperactivated pattern of motility (for a review see Kopf et al., 1999) . Sperm must therefore be able to coordinate changes in both major regions of the cell in the appropriate temporal and spatial fashion to achieve fertilization.
Several upstream events regulating capacitation are known, and are coupled to intracellular signaling pathways that regulate this maturational process. Upstream stimuli include cholesterol-efflux (Cross, 1998; Davis, 1981; Go and Wolf, 1985; Langlais and Roberts, 1985; Visconti et al., 1999a) , bicarbonate influx (Lee and Storey, 1986; Neill and Olds-Clarke, 1987; Visconti et al., 1995a) and presumably calcium influx (DasGupta et al., 1993; Visconti et al., 1995a) . Such changes trigger an increase in intracellular cAMP (White and Aitken, 1989; Parrish et al., 1994; Visconti et al., 1995b; Leclerc et al., 1996) , resulting in increased PKA activity (Visconti et al., 1997) and downstream protein tyrosine phosphorylation events (Visconti et al., 1995a; Visconti et al., 1995b; Visconti et al., 1999a; Visconti et al., 1999b) . The increase in cAMP may also feed back to effect additional changes in the membranes by increasing lipid disorder through the movement of phospholipids within the membrane bilayer (Gadella and Harrison, 2000; Harrison and Miller, 2000) .
In somatic cells, the dual purposes of organizing and regulating signaling pathways in discrete membrane domains are met in part by the presence and function of "membrane rafts." These rafts represent liquid-ordered domains in a "sea" of liquid-disordered membrane, and are characteristically enriched in sphingolipids and cholesterol, rendering them insoluble to many detergents (e.g., Triton X-100), and imparting to them a light buoyant density (see Anderson, 1998; Smart et al., 1999; Simons and Toomre, 2000 for reviews) . Caveolins are a family of proteins that are enriched in membrane rafts and are believed to scaffold a variety of signaling and metabolic molecules [e.g., several GPI-anchored proteins (Anderson, 1998) , PKA (Razani et al., 1999) , ␣-subunits of heterotrimeric G proteins (Li et al., 1995) , and phosphofructokinase (Scherer and Lisanti, 1997) ] to these specific membrane subdomains in preassembled complexes (Okamoto et al., 1998) . In addition, caveolins have been implicated in cholesterol movement both between cellular compartments (Smart et al., 1996; Fujimoto et al., 2001; Pol et al., 2001) , and across the plasma membrane (Fielding and Fielding, 1995; Arakawa et al., 2000) . Of the caveolin family members identified, caveolin-1 is noteworthy because of its broad tissue distribution, and the wealth of knowledge regarding its interacting domains and functions (Smart et al., 1999) .
Although cholesterol-enriched membrane domains (Friend, 1982; Pelletier and Friend, 1983; Visconti et al., 1999a) and GPI-anchored proteins (Phelps et al., 1988; Eccleston et al., 1994; Thaler and Cardullo, 1995) have been described in mammalian sperm, the existence of membrane rafts and the expression of caveolin-1 in these cells have not been demonstrated. Because of the many similarities between the roles of caveolins in somatic cells and the perceived need for these same functions to be met in sperm, we investigated whether sperm expressed caveolin-1, and if so, whether this protein was present in membrane raft subdomains.
MATERIALS AND METHODS

Reagents and Animals
All reagents were purchased from Sigma (St. Louis, MO), unless otherwise noted. For all experiments shown, antiserum against caveolin-1 (polyclonal antiserum catalog #C13630) was purchased from Transduction Laboratories (Lexington, KY). A monoclonal antibody against mouse acrosomal protein sp56 (clone 7C5) was purchased from QED Bioscience Inc. (San Diego, CA). A polyclonal antiserum against syntaxin-2 was purchased from Synaptic Systems (Gottinger, Germany). Retired breeder male CD1 mice and Hartley guinea pigs were obtained from Charles River Laboratories (Wilmington, MA). All experiments shown were performed a minimum of three times with similar results.
Collection of Male Germ Cells and Induction of Acrosomal Exocytosis
Purified populations of pachytene spermatocytes, round spermatids, and condensing spermatids were collected by established methods (Romrell et al., 1976; Bellvé et al., 1977) . Briefly, testes were decapsulated and subjected to sequential enzymatic digestion with collagenase and trypsin. The resultant population of mixed germ cells was either used directly for immunolocalization, or was separated into the specified fractions by sedimentation at unit gravity through a 2-4% BSA gradient. Mature spermatozoa were collected from the cauda epididymides of both the guinea pigs and mice as described previously (Hunnicutt et al., 1997; Travis et al., 1998) . Where indicated, guinea pig sperm were induced to undergo acrosomal exocytosis at 37°C using the calcium ionophore, A23187 (4 M final) (Hunnicutt et al., 1997) . Determination that Ͼ 90% of the ionophore-treated sperm had undergone acrosomal exocytosis was made by light microscopy. Male germ cells, and acrosomeintact and -reacted sperm were then prepared and used for immunoblotting or indirect immunofluorescence.
Isolation of Membrane Rafts
Mouse: To determine the presence of membrane rafts in mouse sperm, the sperm were lysed by dounce homogenization and sonication in PBS in the presence of protease inhibitors (Complete protease inhibitor cocktail, Boehringer Mannheim, Mannheim, Germany), and then subjected to differential centrifugation (Travis et al., 1998) . Centrifugation for 10 min at 10,000 ϫ g yielded a supernatant comprised of soluble and membrane proteins (S 10 ), and a pellet enriched in organelles and cytoskeletal elements (P 10 ). Centrifugation of the S 10 fraction for 2 h at 50,000 ϫ g yielded a supernatant enriched in soluble proteins (S 50 ), and a pellet enriched in membrane proteins (P 50 ). The P 50 fraction was extracted with 0.5% Triton X-100 for 15 min at 4°C, and centrifuged again for 2 h at 50,000 ϫ g to separate detergent-soluble (S TX ) and detergentinsoluble membrane fractions (P TX ).
To confirm the existence of membrane rafts in mouse spermatozoa, a nondetergent-based method of raft isolation was also performed. This method takes advantage of the light buoyant density characteristic of these membrane subdomains to separate the rafts in a density gradient. A modification of the method of Machleidt et al., (2000) was used. Briefly, the P 50 fraction representing the mouse sperm membranes was isolated as above, and then resuspended in 100 l of 45% sucrose (w/v). A 10 -30% linear sucrose density gradient (4 ml) was then overlaid on the P 50 fraction, and spun at 100,000 ϫ g for 28 h at 4°C in a swinging bucket AH650 rotor in a Sorvall OTD65B ultracentrifuge. Starting from the top of the tube, 400 l fractions were collected, and proteins from these fractions were precipitated with 3% ice-cold TCA. The proteins were resuspended and the pH adjusted to 6.8 by the addition of Tris buffer and NaOH prior to subsequent processing for immunoblots as described below.
Guinea Pig
Membrane rafts were isolated from guinea pig sperm using the nondetergent-based method of Smart et al. (1995) . Briefly, guinea pig sperm were lysed by dounce homogenization in TES buffer (20 mM Tris, 1 mM EDTA, and 0.25 M sucrose; pH 7.8), supplemented with a complete protease inhibitor cocktail (PI), then spun at 1,000 ϫ g for 10 min at 4°C. The supernatant was layered on a 30% Percoll cushion (in TES buffer ϩ PI) and centrifuged at 60,000 ϫ g for 30 min at 4°C. The membrane band was collected and sonicated. The supernatant was underlaid beneath a 23%-20%-10% OptiPrep (Accurate Chemical & Scientific Corp., Westbury, NY) step gradient in a Beckman SW-55 centrifuge tube. The original method was adjusted to accommodate the use of a Beckman SW-55 Ti rotor during the step-gradient spins. Therefore, the guinea pig sperm membranes were spun at 25,000 g min for 2 h at 4°C. The membrane raft fraction was collected and mixed with 50% OptiPrep (amount of OptiPrep used was 80% of the lipid raft fraction volume collected). This fraction was then overlaid with first a 15% OptiPrep and then with a 5% OptiPrep solution and the material centrifuged again in the SW-55 Ti rotor as above. The fractions were removed and analyzed for caveolin-1 immunoreactivity.
Immunoblotting
Proteins from the different sperm fractions, or populations of male germ cells or whole spermatozoa, were extracted by boiling in sample buffer (Laemmli, 1970) . Proteins were separated by SDS-PAGE using 10% gels under reducing conditions and transferred to Immobilon-P (Millipore, Bedford, MA) or Hybond-P (Amersham Pharmacia Biotech, Piscataway, NJ) membranes. Blocking, immunoblotting, and detection of the immunoreactive proteins by chemiluminescence (Renaissance, DuPont NEN, Boston, MA) were performed as described in Travis et al. (1998) , with the exception that a mixture of 5% (w/v) nonfat milk and 0.5% (v/v) Tween 20 was used as a blocking agent. Immunoblots of guinea pig sperm proteins were performed under reducing conditions on 12% gels. Immunoblotting was performed overnight at 4°C following the procedure of Smart et al., (1995) . Transfers were blocked with 5% (w/v) nonfat milk.
Indirect Immunofluorescence
Mouse developing male germ cells and mouse and guinea pig sperm were treated similarly to the method of Kim et al. (2001) . Briefly, sperm were collected and allowed to settle on coverslips. The sperm were fixed in 4% paraformaldehyde for 15 min, permeabilized for 2 min in Ϫ20°C methanol, and blocked in 10% normal goat serum in PBS or 3% BSA in PBS (with no differences). They were then incubated for 1 h at 37°C in a humid chamber with the caveolin-1 antibody (1:50 dilution), followed by a 1 h incubation with a goat anti-rabbit Alexa Fluor 488-conjugated secondary antibody (1:250 dilution, Molecular Probes, Eugene, OR) for the mouse studies, and with goat anti-rabbit FITC-conjugated secondary antibody (1:100 dilution, ICN Pharmaceuticals, Inc., Costa Mesa, CA) for the guinea pig studies. Washing 3-5 times with 1 ml of PBS was performed between each step and after the final incubation with secondary antibody. The coverslips were mounted onto slides with 5 l of Fluoromount-G (Southern Biotechnology Associates, Birmingham, AL), or ProLong Antifade (Molecular Probes). The mouse sperm were examined under a Nikon TE300 epifluorescence inverted microscope and imaging was performed with a MetaMorph Imaging System (Universal Imaging Corporation, Downington, PA). Guinea pig sperm were examined under a Nikon Eclipse E800 epifluorescence microscope, and imaging was performed using a spot RT slider "F" mount camera from Diagnostic Instruments, Inc. using Image-Pro Plus version 4 software by Media Cybernetics, L.P., (Silver Springs, MD).
Confocal Microscopy
Dual labeling of caveolin-1 and sp56 was performed upon developing mouse male germ cells essentially as described above for sperm. The cells were allowed to settle on coverslips, and were fixed, permeabilized and blocked. They were then incubated with a mixture of the anti-caveolin-1 and the anti-sp56 (both at 1:50 final dilutions). After washing, the cells were co-incubated with 1:250 dilutions of the goat anti-rabbit Alexa Fluor 488-conjugated secondary antibody and the goat anti-mouse Alexa Fluor 633-conjugated secondary antibody. Subsequent washes and mounting were identical to those described above. Imaging of these slides was performed using a Leica TCS NT Laser Scanning Confocal Microscope. Several controls were performed for both the standard and confocal fluorescence analyses. First, blocking in normal goat serum provided multiple nonimmune IgG subtypes, effectively acting as multiple nonimmune controls. Cells were incubated in the absence of primary antibody to control for nonspecific interactions between the secondary antisera and proteins. For confocal analysis, specimens labeled with only one of the two antibodies were examined under both wavelengths to ensure that no visible overlap in emission spectra occurred between the secondary antisera. Finally, z-sections at 0.5-m intervals were observed to have little "bleed-through" in signal from fluorescence above or below the optical plane.
RESULTS AND DISCUSSION
Identification of Caveolin-1 in Male Germ Cells
In somatic cells, membrane subdomains enriched in cholesterol and sphingolipids ("membrane rafts") have been identified. Because of their composition, these membrane rafts possess defined biochemical characteristics such as resistance to solubilization with certain detergents (e.g., TX-100), and upward migration through density gradients by means of their light buoyant density. These rafts are often enriched in caveolin-1, which is believed to play roles in cholesterol movement and the scaffolding of signaling molecules. Given the important connection between cholesterol movement and signal transduction in sperm capacitation (Visconti et al., 1999a) , we investigated whether caveolin-1 was expressed in mammalian sperm, and whether sperm membranes were organized into raft subdomains.
Caveolin-1 immunoreactivity was detected in both mouse and guinea pig sperm at approximately the same apparent molecular weights as in endothelial cells (Fig. 1) . The presence of two immunoreactive bands in mouse sperm extracts at approximately 23 and 24 kDa (Fig. 1A) , corresponded closely to the molecular weights expected for the ␣ and ␤ isoforms of caveolin-1 that derive from the use of alternative initiator methionines (Scherer et al., 1995) . Consistent throughout our experiments, only one band at 21 kDa was prominent in the guinea pig sperm extracts (Fig.  1B) . Immunoreactivity in mouse sperm extracts was also typically seen at higher molecular weights (e.g., approximately 50 -55 kDa), and might represent the participation of caveolin-1 in oligomers or protein complexes. As with the lower molecular weight bands, this immunoreactivity at 50 kDa was much more intense in the mouse than in the guinea pig, although a band of approximately 52-54 kDa was repeatedly visualized in the guinea pig on longer exposures (data not shown).
After demonstrating that caveolin-1 was present in morphologically mature sperm, we next investigated the expression pattern of this protein during mouse male germ cell development (Fig. 2) . The monomeric form(s) of caveolin-1 was present at relatively constant levels in both meiotic and postmeiotic male germ cells on a per cell basis. The immunoreactivity at 50 kDa was also observed to be relatively constant (Fig. 2) . The relatively constant amounts of immunoreactivity at these molecular weights should be considered against the fact that the amount of protein found in an individual spermatid is significantly less than that found in an individual spermatocyte. Therefore, the constant amount of immunoreactivity on a per cell basis suggests an increase in the amount of this protein relative to total cellular protein, either through increased expression, or the retention of this protein as other proteins are lost during sperm condensation. Both the bands representing monomeric caveolin-1 and the immunoreactivity at approximately 50 kDa were specific when compared with blots incubated in the absence of the primary antibody (data not shown).
Presence of Membrane Rafts in Spermatozoa
To determine whether caveolin-1 was enriched in discrete raft subdomains, mouse sperm membranes were iso-
FIG. 2.
Expression of caveolin-1 during male germ cell development in the mouse. Proteins equivalent to 2 ϫ 10 6 cells each from pachytene spermatocytes ("P"), round spermatids ("R"), condensing spermatids ("C"), and cauda epididymal spermatozoa ("S"), and 5 g of endothelial cell proteins ("E") were separated using SDS-PAGE under reducing conditions. Immunoreactivity was detected at heights appropriate for the monomeric forms of caveolin-1 in all cell populations.
FIG. 1.
Expression of caveolin-1 in mouse and guinea pig spermatozoa. Mouse (Panel "A") and guinea pig (Panel "B") sperm proteins were extracted, separated by SDS-PAGE under reducing conditions, and subjected to immunoblotting with the polyclonal caveolin-1 antiserum. "S" denotes cauda epididymal sperm proteins (40 g), and "E" denotes endothelial cell proteins (5 g) used as a positive control (supplied by Transduction Laboratories with the antiserum). This and all subsequent experiments were performed at least three times, with a representative experiment shown.
lated, subjected to extraction with TX-100, and equal protein loads of TX-100-soluble and -insoluble fractions compared on SDS-PAGE. As can be seen in Fig. 3 , caveolin-1 was present in the whole sperm extract (lane A) and was enriched in the P 50 fraction representing total sperm membranes (lane E). Loading of the gel with equivalent amounts of protein from the different fractions demonstrated that caveolin-1 was greatly enriched in the TX-100-insoluble membrane fraction (lane G). The enrichment of this protein within a TX-100-insoluble membrane fraction is consistent with the appearance of caveolin-1 in membrane rafts.
To confirm the presence of rafts in sperm membranes, alternative methods of biochemical fractionation were employed. These approaches are based upon the fact that in somatic cells, membrane raft subdomains containing caveolin-1 migrate upward through density gradients due to differences in their buoyant densities from nonraft subdomains (Smart et al., 1995; Machleidt et al., 2000) . We employed similar techniques to separate membrane rafts in sperm membranes. Again, mouse sperm membranes were isolated, but were resuspended in 45% sucrose (w/v), and then overlaid with a 10 -30% sucrose linear density gradient, as shown in Fig. 4 . The caveolin-1 in sperm membranes separated by density gradient centrifugation did not migrate into an easily distinguished buoyant fraction, unlike the pattern of caveolin-1 expression in membrane rafts sometimes seen in somatic cells (Huang et al., 1997; Oka et al., 1997) . Rather, caveolin-1 immunoreactivity appeared at highest amounts in the most dense fraction, and then in gradually decreasing abundance upward into the less dense upper fractions of the sucrose gradient. Potential caveolin-1 oligomers or protein complexes were seen only in the most dense bottom fraction of the gradient (Fig. 4) . A similar distribution of immunoreactivity was seen when fractions of guinea pig sperm membranes were separated by a similar method (data not shown).
As a control to demonstrate that the sucrose gradient was, in fact, effective in separating membranes of different buoyant densities, fractions from these gradients were   FIG. 4 . Expression of caveolin-1 in mouse sperm membrane raft fractions characterized by their upward migration through a density gradient. A membrane fraction (P 50 ) from cauda epididymal sperm was isolated as described, resuspended in 45% sucrose, and then overlaid with a 10 -30% linear sucrose density gradient. Centrifugation for 28 h at 4°C at 100,000 ϫ g effected the separation of membrane subdomains based on their buoyancy, with lighter subdomains traveling upward through the gradient. Proteins from successive 400 l fractions were precipitated with TCA and brought to pH 6.8. The fractions were labeled "1"-"9," with "9" representing the most dense (45% sucrose) bottom fraction. The proteins were separated by SDS-PAGE under reducing conditions, and immunoblotted with the anti-caveolin-1. Long exposures of these blots revealed small amounts of caveolin-1 immunoreactivity in the top two fractions (lanes "1" and "2"). Control experiments measuring the relative amounts of cholesterol in the different fractions were performed and are described in the text.
FIG. 3.
Expression of caveolin-1 in membrane raft fractions of mouse spermatozoa identified by TX-100 insolubility. Cauda epididymal sperm were homogenized by douncing and sonication (whole sperm extract "A"), and subjected to centrifugation at 10,000 ϫ g, yielding a supernatant containing soluble and membrane fractions (S 10 fraction, "B"), and a pellet enriched in organelles and cytoskeletal elements (P 10 fraction, "C"). The S 10 was then centrifuged at 50,000 ϫ g for 2 h, yielding a supernatant containing soluble proteins (S 50 fraction, "D"), and a pellet containing membrane proteins (P 50 fraction, "E"). The P 50 was extracted with TX-100 and centrifuged again to yield TX-100 soluble (S TX fraction, "F") and insoluble (P TX fraction, "G") fractions, corresponding to nonraft and raft membrane subdomains respectively. In each lane, 10 g of protein were loaded, separated by SDS-PAGE, and immunoblotted with anti-caveolin-1. pooled into thirds (i.e., the top three, the middle three, and the bottom three fractions, as well as the volume originally placed under the gradient). Analysis of these fractions by gas-liquid chromatography demonstrated an enrichment of cholesterol relative to other sterols as one moved upward through the gradient. A complete analysis of the sterol composition of raft and nonraft fractions is currently in preparation (Travis, Kopf, Northrop, Rothblat, and KellnerWeibel, unpublished observations) .
There are several reasons that might account for the continuum of caveolin-1 immunoreactivity seen throughout the density gradient. This pattern might reflect the fact that sperm contain multiple types of membranes (e.g., plasma, outer and inner acrosomal, nuclear, and mitochondrial membranes), and that all of these membranes were represented in the starting material. Caveolins in these different membranes might be associated with both nonraft and raft fractions due to the fact that the starting material for the gradient centrifugation was not extracted with a detergent. This idea is supported by the finding that although not enriched in this fraction, some caveolin-1 was present in nonraft membrane domains partitioned by TX-100 solubility (Fig. 3) . It should also be noted that washes designed to remove peripheral membrane proteins (e.g., Na 2 CO 3 , pH ϭ 11) were not utilized in this protocol so as to allow for the future identification of caveolin-1-interacting proteins. The presence of caveolin-1 in nonraft membrane domains, the decreased buoyancy of some rafts due to the presence of interacting proteins, and/or the presence of varying amounts of cholesterol and sphingolipids in different cell membranes might account for the presence of caveolin-1 immunoreactivity throughout the gradient.
Additional support for the presence of caveolin-1 in nonraft membrane fractions comes from the recent observation that sea urchin sperm possess membrane rafts (Ohta et al., 2000) . However, unlike our demonstration in mammalian sperm, these membrane subdomains in sea urchin sperm do not contain caveolin-1. In fact, they specifically exclude this protein. This difference versus mammalian sperm raises the intriguing possibility that the function of caveolin-1 in sperm membrane rafts may be a more recent evolutionary adaptation than evolutionarily earlier functions in the nonraft fractions.
Localization of Caveolin-1 in Mature Spermatozoa and Developing Male Germ Cells
After demonstrating the expression of caveolin-1 in spermatozoa and its enrichment in membrane raft subdomains, we next determined the localization of caveolin-1 in mammalian sperm by performing indirect immunofluorescence with anti-caveolin-1. In mouse sperm, a characteristic pattern of fluorescence was observed over the acrosome/ anterior sperm head, and over the midpiece and principal piece of the flagellum (Figs. 5A and 5C) . A small subpopulation of cells was observed that had very diffuse labeling over the entire sperm head, and when present, cytoplasmic droplets still adherent to the midpiece displayed an intense pattern of immunolabeling (data not shown). When an alternative method of permeabilization (0.5% TX-100) was used instead of methanol, a more intense immunolabeling was noted in the midpiece and connecting piece, but the consistency of the pattern in the sperm head was diminished. For this reason, methanol was chosen as the preferred means of permeabilization.
To determine whether the localization of caveolin-1 in the anterior sperm head was specific to the region of the acrosome, guinea pig sperm were used as an alternative model system. The acrosome of sperm from this species is noted for its relatively large size and the use of these sperm can therefore provide higher resolution in this region. As seen with mouse sperm, caveolin-1 localized to the region of the guinea pig acrosome and along the entire length of the flagellum (Fig. 6A) . The pattern of most-intense fluorescence labeling in the guinea pig sperm head was present in the region of the "dorsal bulge" of the apical segment of the acrosome. This pattern might represent specific targeting to this region as seen with the enzymatic labeling of acrin2 in the acrosome of these cells (Yoshinaga et al., 2001) . However, the increase in intensity of fluorescence might alternatively be a consequence of the additional thickness of the dorsal bulge. When acrosomal exocytosis was induced with the calcium ionophore, A23187, the pattern of fluorescence over the acrosome was lost, but the flagellum remained strongly labeled (Fig. 6C) . Because acrosomal exocytosis involves the fusion and shedding of the plasma membrane overlying the acrosome and the underlying outer acrosomal membrane, the loss of immunolabeling confirms the localization of this membrane protein to one of these two membranes.
The pattern of fluorescence over the sperm acrosome is not sufficient to assess whether caveolin-1 is associating with the outer acrosomal membrane or the plasma membrane. These membranes lie in tight apposition with scant cytoplasm between them, making such distinction difficult. Indeed, even the use of immunoelectron microscopy has sometimes proven inadequate to provide this resolution in studies done on other proteins suggested to play a role in acrosomal exocytosis (Katafuchi et al., 2000) . To offer some insight into this question, localization of caveolin-1 in developing male germ cells was performed. In round spermatids, the acrosome forms from the fusion of vesicles overlying the nucleus, and expands as a cap over that organelle. Therefore, in the spermatid stage, there is more cytoplasm between the developing acrosome and the plasma membrane and a distinction can be made between them.
Prior to the formation of the acrosome, pachytene spermatocytes exhibited a diffuse pattern of caveolin-1 immunolabeling with several foci of intense labeling (Figs. 7A and  7D ). Rare spermatocytes were found exhibiting plasma membrane localization (Data not shown.). Spermatids, on the other hand, showed bright foci of anti-caveolin-1 labeling in the region adjacent to, or underlying the acrosome, as well as signal associated with the acrosome itself (Figs.  7A-7F ). This acrosomal localization was confirmed by partial co-localization of labeling with both anti-caveolin-1 and anti-sp56, an antibody against a protein known to exist within the acrosomal matrix in mature sperm (Foster et al., 1997; Kim et al., 2001) .
While it must be mentioned that localization in round spermatids might not persist unchanged into mature spermatozoa, these findings strongly suggest a role for caveolin-1 in acrosomal biogenesis. Freeze-fracture analysis of guinea pig spermatids reveals that omega-shaped "crenations" can be found over the caudal margin of the acrosome (Pelletier and Friend, 1983) . The morphological similarity between these structures and classical caveolae is particularly suggestive of a role for caveolin in this process.
It is also interesting to note that the localization of caveolin-1 in the head of cauda epididymal sperm was coincident with previously defined membrane domains enriched in cholesterol (Friend, 1982; Pelletier and Friend, 1983; Visconti et al., 1999a) . Freeze-fracture micrographs of mouse sperm labeled with filipin demonstrate that in noncapacitated sperm, membranes in the region of the FIG. 5. Localization of caveolin-1 protein in mouse spermatozoa by indirect immunofluorescence. Cauda epididymal sperm were collected, fixed, permeabilized with methanol, and probed with the polyclonal anti-caveolin-1. The signal was visualized by incubating with a fluorescent Alexa-Fluor 488-conjugated secondary antibody. Panels "A" and "C" were representative examples of the pattern of fluorescence seen with the immunolabeling. Panel "E" was a representative example of a control pattern of fluorescence seen with secondary antiserum alone. It should be noted that blocking and all incubations were performed in the presence of normal goat serum that effectively acted as a nonimmune, or irrelevant, antibody control. Panels "B", "D," and "F" represent the corresponding phase images of these cells.
acrosome are cholesterol rich, whereas after capacitation, this pattern becomes more diffuse and includes labeling in the posterior head (Visconti et al., 1999a) . These changes in membrane dynamics regarding cholesterol distribution are consistent with an increase in lipid packing disorder noted to be dependent upon the capacitation-dependent elevation in cAMP (Gadella and Harrison, 2000; Harrison and Miller, 2000) . Together, these results reinforce the importance of membrane alterations in the function of the sperm head.
FIG. 6.
Localization of caveolin-1 protein in guinea pig spermatozoa by indirect immunofluorescence. Guinea pig sperm were treated and washed as described for the mouse sperm. Panel "A" was representative of the pattern of fluorescence seen in acrosome-intact spermatozoa. The sperm on the left appears to be losing its acrosome, and shows that the immunolabeling in the sperm on the right is not associated with the nuclear membrane. Panel "C" was representative of the pattern of fluorescence seen in sperm induced to undergo ionophore-induced acrosomal exocytosis. Panels "E" and "G" were representative of the patterns of fluorescence seen respectively in acrosome-intact and -reacted sperm incubated only with 3% BSA in PBS and then the labeled secondary antibody. Panels "B", "D", "F," and "H" represent the corresponding phase images of these cells.
Implications for the Functions of Caveolin-1 and Membrane Rafts in Sperm Morphological and Functional Development
In addition to a potential role in acrosomal biogenesis, membrane rafts and caveolin-1 might play important roles in the function of mature sperm. These cells must undergo functional maturation in both the male and female reproductive tracts. It has been noted that several GPI-linked proteins become bound to sperm membranes during epididymal transit (Moore et al., 1989; Eccleston et al., 1994) . A recent report (Ensrud et al., 2000) that suggested a potential role of membrane rafts in epididymal maturation and these protein-binding events is therefore intriguing.
After ejaculation, sperm functional maturation continues
FIG. 7.
Confocal microscopic localization of caveolin-1 and sp56 in mouse developing male germ cells. Mixed germ cells were prepared by enzymatic digestion, and then subjected to a similar protocol as described for the mature sperm. Panels "A", "B," and "C" represent images in a single optical plane. Panels "D", "E," and "F" represent images from the same cells but in a different optical plane. The cells visible in these images included two round spermatids ("RS"), and one larger spermatocyte ("SC") in the lower right-hand quadrant. "ACR" denotes the developing acrosome. Panels "A", "D," and "G" show the pattern of fluorescence after excitation of the Alexa Fluor 488-conjugated secondary antibody (labeling caveolin-1). Panels "B", "E," and "H" show the pattern of fluorescence after excitation of the Alexa Fluor 633-conjugated secondary antibody (labeling sp56). Panels "C", "F," and "I" are composite images obtained from overlaying the previous panels. In these images, the localization of caveolin-1 immunoreactivity appeared green, the localization of sp56 immunoreactivity appeared red, and areas of co-localization appeared orange-yellow. Panels "G", "H," and "I" show the pattern of fluorescence in cells incubated with no primary antibody, but after excitation of the Alexa Fluor secondary antibodies (488-"G," and 633-"H," with "I" representing a composite overlay).
during the process of capacitation. The presence of caveolin-1 in both the sperm head and flagellum suggests several possible roles for this protein in capacitation that would be consistent with known functions in somatic cells. For example, caveolin-1 could mediate cholesterol efflux, and/or scaffold various signaling and metabolic enzymes. The localization of caveolin-1 to either the plasma membrane overlying the acrosome or the outer acrosomal membrane suggests a role for membrane rafts and caveolin-1 in scaffolding components of the signaling pathway believed to be responsible for mediating zona pellucida-induced acrosomal exocytosis. In somatic cells, caveolins have been shown to bind specifically to G␣ subunits of heterotrimeric G proteins (Li et al., 1995) , and a G protein-mediated signaling cascade is known to regulate acrosomal exocytosis (Endo et al., 1987; Ward et al., 1992; Ward et al., 1994) . Further in support of this hypothesis, we demonstrated that syntaxin-2, a SNARE (soluble N-ethylmaleimidesensitive factor attachment protein receptor) protein suggested to be important in vesicle fusion leading to acrosomal exocytosis (Katafuchi et al., 2000) , fractionates in part to membrane rafts (Fig. 8) . The facts that this protein has been shown previously to localize specifically to one of these two membranes in the region of the acrosome (Katafuchi et al., 2000) , and that biochemically it fractionates into both raft and nonraft subdomains, offers two possibilities for the organization of subdomains within these membranes. The first is that this protein exists in only one or the other of the membranes, but that membrane is composed of both raft and nonraft subdomains. The second is that one membrane is made of raft subdomains, and the other is made of nonraft subdomains, but that the proteins involved in acrosomal exocytosis exist in both membranes. This lack of organization would differ from the classical model of synaptic complexes in which syntaxin (t-SNARE) would exist solely on the target membrane. However, this possibility would imply that the precise membrane containing the membrane rafts and caveolin-1 might ultimately be of secondary importance to their potential role in scaffolding members of the pathway that cause the fusion of these membranes.
The presence of caveolin-1 in the flagellum also suggests potentially interesting local functions. For example, caveolin-1 in the flagellum might be involved in the organization of both the signaling cascades regulating flagellar function, as well as the metabolic pathways that provide them with energy (Travis et al., 2001) . These membranes might also be organized into raft subdomains, as they have been observed to contain domains enriched in cholesterol as assessed using filipin staining (Fornes, Travis, Kirby, Visconti, and Kopf, unpublished observation). Work is currently on-going in our laboratories to identify caveolin-1-interacting proteins, and to investigate whether caveolin-1 is involved in cholesterol movement and the coordination of various signaling and metabolic pathways.
FIG. 8.
Expression of syntaxin-2 in membrane raft fractions of mouse spermatozoa identified by TX-100 insolubility. Cauda epididymal sperm were homogenized by douncing and sonication (whole sperm extract "A"), and subjected to centrifugation at 10,000 ϫ g, yielding a supernatant containing soluble and membrane fractions (S 10 fraction, "B"), and a pellet enriched in organelles and cytoskeletal elements (P 10 fraction, "C"). The S 10 was then centrifuged at 50,000 ϫ g for 2 h, yielding a supernatant containing soluble proteins (S 50 fraction, "D"), and a pellet containing membrane proteins (P 50 fraction, "E"). The P 50 was extracted with TX-100 and centrifuged again to yield TX-100 soluble (S TX fraction, "F") and insoluble (P TX fraction, "G") fractions, corresponding to nonraft and raft membrane subdomains respectively. In each lane, 10 g of protein were loaded, separated by SDS-PAGE, and immunoblotted with anti-syntaxin-2.
